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Crystal Structure of Shikimate 5-Dehydrogenase
(SDH) Bound to NADP: Insights into Function
and Evolution
and 5-enolpyruvylshikimate 3-phosphate (EPSP) syn-
thase (step 6) (Stallings et al., 1991). A cocrystal struc-
ture of EPSP synthase with glyphosate provides insight
into the effects of a small molecule herbicide that blocks
chorismate production (Schonbrunn et al., 2001).
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New York, New York 10021 Shikimate 5-dehydrogenase (SDH; EC 1.1.1.25) cata-
lyzes the fourth step of the shikimate biosynthetic path-
way and is responsible for the reduction of 3-dehydro-
shikimate to shikimate (Figure 1) in the presence ofSummary
NADPH. SDH represents a distinct class of enzymes
(Figure 2), which lack primary sequence similarity toThe crystal structure of Methanococcus jannaschii
shikimate 5-dehydrogenase (MjSDH) bound to the co- other classes of dehydrogenases. SDHs are also seen
as inducible shikimate/quinate 5-dehydrogenases (SQDH)factor nicotinamide adenine dinucleotide phosphate
(NADP) has been determined at 2.35 A˚ resolution. Shik- in prokaryotes and eukaryotic microbes that utilize
quinic acid for metabolism through the quinate pathwayimate 5-dehydrogenase (SDH) is responsible for
NADP-dependent catalysis of the fourth step in shiki- via NAD-dependent reduction of 3-dehydroquinate to
quinate (Herrmann, 1995). In many bacteria, SDH is pres-mate biosynthesis, which is essential for aromatic
amino acid metabolism in bacteria, microbial eukary- ent as a single isolated polypeptide chain. Certain higher
organisms (i.e., fungi) possess pentafunctional enzymesotes, and plants. The structure of MjSDH is a compact
/ sandwich with two distinct domains, responsible consisting of a single, long polypeptide chain encom-
passing monofunctional domains that catalyze stepsfor binding substrate and the NADP cofactor, respec-
tively. A phylogenetically conserved deep cleft on the two through six of the shikimate pathway (Duncan et
al., 1987; Hawkins and Smith, 1991). In higher plants,protein surface corresponds to the enzyme active site.
The structure reveals a topologically new domain fold SDH is part of a bifunctional enzyme, which catalyzes
the third and fourth steps of the shikimate pathwaywithin the N-terminal segment of the polypeptide
chain, which binds substrate and supports dimeriza- (Bonner and Jensen, 1994; Deka et al., 1994). In certain
fungi, such as Emericella nidulans and Neurosporation. Insights gained from homology modeling and se-
quence/structure comparisons suggest that the SDHs crassa, SDH is present as a part of a regulatory quinate
transcriptional repressor that encompasses two en-represent a unique class of dehydrogenases. The
structure provides a framework for further investiga- zymes from the shikimate pathway (SKI and type I DHQ)
in a single polypetide chain (Anton et al., 1987; Geevertion to discover and develop novel inhibitors targeting
this essential enzyme. et al., 1989).
Methanococcus jannaschii shikimate 5-dehydroge-
nase was chosen by the New York Structural GenomiXIntroduction
Research Center (NYSGXRC; http://www.nysgxrc.org)
for structure determination because it represented aThe shikimate pathway is essential for biosynthesis of
aromatic amino acids and aromatic compounds in bac- member of a large, conserved enzyme family for which
no structural information was available. In this paper, weteria, microbial eukaryotes, and plants (Herrmann and
Weaver, 1999; Knaggs, 2003). This seven-step reaction report cloning, purification, crystallization, and structure
determination of shikimate 5-dehydrogenase from thepathway yields chorismate, which serves as a precursor
for the synthesis of L-tyrosine, L-phenylalanine, L-tryp- methanogenic archaeon M. jannaschii (MjSDH) deter-
mined at 2.35 A˚ resolution, bound to its cofactor, NADP.tophan, and many aromatic compounds, such as fo-
lates, ubiquinones, and napthoquinones. (Roberts et al., Our structural study of MjSDH provides a basis for un-
derstanding evolutionary relationships among SDHs.2002). The importance of shikimate pathway enzymes
for metabolism in lower organisms and their absence in The N-terminal domain of MjSDH exhibits a topology
not previously observed among protein structures inmammals make them attractive targets for development
of antimicrobial agents and herbicides (Davies et al., the Protein Data Bank (http://www.rcsb.org/pdb). The
N-terminal domain also supports formation of a physio-1994; Steinrucken and Amrhein, 1980). To date, crystal
structures have been determined for the following shiki- logical dimer.
mate pathway enzymes: deoxy-D-arabino-heptuloso-
nate-7-phosphate synthase (step1) (Wagner et al.,
Results and Discussion2000), 3-dehydroquinate synthase (step2) (Carpenter et
al., 1998), type I and II dehydroquinase (DHQ; step 3)
Structural Overview of M. jannaschii Shikimate(Gourley et al., 1999), type I and II shikimate kinase (SKI;
5-Dehydrogenasestep 5) (Krell et al., 1998; Romanowski and Burley, 2002),
The crystal structure of MjSDH was determined via sin-
gle anomalous dispersion (SAD) phasing with diffraction*Correspondence: sburley@stromix.com
data obtained from selenomethionyl protein and refined3 Present address: Structural GenomiX, Inc., 10505 Roselle Street,
San Diego, California 92121. at 2.35 A˚ resolution to a crystallographic R factor of
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Figure 1. Reaction Pathway of Shikimate
5-Dehydrogenase
22.4% (Rfree  26.0%) with excellent stereochemistry. and extent of the dimerization interface, we believe that
the crystallographic asymmetric unit represents the bio-The asymmetric unit contains two independent MjSDH
molecules related by a noncrystallographic 2-fold axis. logically active protein dimer (Lo Conte et al., 1999).
The present refinement model contains two full-length
polypeptide chains of 287 residues, two copies of NADP, Sequence and Surface Analysis of the Putative
Active Site and NADP Binding Site of MjSDHtwo zinc ions (one per molecule), and 140 water mole-
cules. The zinc ions participate in intermolecular con- Large surface clefts frequently correspond to enzyme
active sites (Laskowski et al., 1996). The cleft formedtacts stabilizing the crystal lattice. Four peptide units
per molecule, all preceding a proline residue, adopt the between domain I and the NADP binding domain repre-
sents the active site of MjSDH. Close examination ofcis conformation (Pro15, Pro68, Pro202, and Pro228).
The MjSDH monomer forms a compact two-domain the surface properties of MjSDH with reference to a
sequence alignment of known SDHs (Figure 2) allows us/ sandwich with a deep interdomain cleft. Residues
1–122 form the N-terminal domain (domain I; Figures to identify putative active site residues. Phylogenetically
conserved residues were identified by aligning se-2 and 3A), which is responsible for substrate binding.
Domain I consists of six  strands (1–6) forming a quences of 63 known SDHs from eubacteria, archea,
and eukaryotes. Virtually all of the conserved residuestwisted  sheet with four  helices (A–D) and two 310
helices covering both  sheet faces. The overall domain lie within the interdomain cleft, depicted in Figures 4A
and 4B.structure is a three-layered, -- sandwich, with the
following order of secondary structure elements: 1- Within domain I, invariant polar residues include
Lys70, Asn91, and Asp 106 (Figure 4C). Pro68 is alsoA-2-310-B-3-310-4-C-5-6-D. The 5 strand is
antiparallel to the reminder of the strands and connects invariant among known SDHs and adopts a cis-peptide
conformation. This peptide bond conformation mayto 6 via a hairpin  turn of type I. Residues 123–282
of MjSDH form the coenzyme binding domain (domain serve to stabilize the orientation of Lys70 within the
flexible loop region between strand 3 and 310 of domainII; Figure 2 and 3A), which belongs to the superfamily
of NAD(P) binding Rossmann fold domains. The core I. Moreover, alternating residues from the 3-310 strand-
turn region (Gly62–Lys70) exhibit the following patternof domain II is a six-stranded parallel, twisted  sheet
(7–12), with loops and four  helices (E–H) making of conservation (G/A)-X-(N/S)-X-(T/S)-X-P-X-K (where X
represents any amino acid), creating a conserved sur-crossover connections. Unlike the classical Rossmann
fold domain from horse liver alcohol dehydrogenase face patch that leads to the active site cleft. Invariant
Asn91 within the short turn connectingC and5 occurs(Eklund et al., 1976), there are variations in crossover
connections with long loops, instead of  helices, con- in a highly conserved context, with flanking Val90 and
Thr92 themselves being invariant in more than 85% ofnecting strands 9 to 10 and 10 to 11. The first --
(7-E-8) motif within domain II forms the nucleotide SDH sequences. Asp106 is seen at the C terminus of a
short loop connecting 6 and D along with the preced-binding motif involved in NADP recognition. The C termi-
nus of domain II includes an additional -helical hairpin ing residue, Thr105, which is also highly conserved
(95%) within the SDH family. Further examination of(I-J) extending toward domain I. It is remarkable that
domains I and II are linked to each other by swapping the active site cleft revealed another strictly conserved
residue, Gln254, on helix I (Figure 4C). It is likely thatof amphipathic  helices D and I (Figure 3A).
The asymmetric unit of our MjSDH crystals is a homo- Lys70, Asn91, Asp106, and Gln254 represent residues
involved in catalytic reduction of 3-dehydroshikimate todimer (Figure 3B). On dimer formation, each monomer
buries 2374 A˚2 of solvent-accessible surface area, which shikimate.
Within domain II, the first -- motif (Figures 2 andcorresponds to approximately 18% of the monomer sur-
face area. Size exclusion chromatographic studies (data 3A; 7-E-8) contains the conserved G-X-G-X-X-(G/A)
nucleotide binding fingerprint motif (Baker et al., 1992)not shown) demonstrated that MjSDH is a dimer in solu-
tion. Dimerization is mediated by back to back associa- (Figure 2; Gly130–Ala135). In MjSDH, the Gly130–Ala135
turn supports direct hydrogen bonding cofactor recogni-tion of domain I, with extensive participation of about
34 residues within the polypeptide chain segment con- tion. The backbone amide groups of Ala131 and Ala134
act as donors of hydrogen bonds to the 3-hydroxyltaining secondary structural elements 1-A-2-310-B.
The dimer interface is highly hydrophobic (70% nonpolar of the adenine ribose and the diphosphate of NADP,
respectively (Figure 5). In addition to this motif, the sideresidues) and is further stabilized by hydrogen bonds
originating from polar side chains. Given the intimacy chain of conserved Asn152 (67% of known SDHs) at the
Figure 2. Secondary Structure and Sequence Alignment of MjSDH Homologs Identified with -BLAST (December 2002)
Secondary structural elements are shown as cylinders (310 and  helices) and arrows ( strands) above the aligned sequences. Color-coding
denotes sequence conservation among 63 proteins (white to green ramp, 30–100% identity). Ten representative SDH/SQDH sequences are
displayed with the calculated color-coding and correspond to METJA (GI 15669272) M. jannaschii, METKA (GI 20093557) Methanopyrus
kandleri AV19, METTH (GI 9087115) Methanothermobacter thermautotrophicus, METBA (GI 23051387) Methanosarcina barkeri, METTE (GI
15678270) Methanothermobacter thermautotrophicus str. delta H, BACAN (GI 21402380) Bacillus anthracis A2012, PYRAB (GI 14520666)
Pyrococcus abyssi, THETN (GI 20807710) Thermoanaerobacter tengcongensis, BACSU (GI 16079620) Bacillus subtilis, and BACHD (GI
15613887) Bacillus halodurans.
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Figure 3. The Overall Structure of MjSDH
(A) Ribbon representation of the MjSDH mo-
nomer. The N-terminal substrate binding do-
main (domain I) is shown in blue, and the
C-terminal cofactor binding domain (domain
II) is shown in orange. The nucleotide binding
motif, 7-E-8, is shown in green, with the
bound NADP as a stick figure.
(B) Quaternary association of homodimeric
MjSDH as observed in the crystal. Different
molecules are shown in different colors. The
bound NADP cofactor is shown as a stick
figure, with coordinating zinc ions shown as
gray spheres.
C terminus of strand 8 forms hydrogen bonds with The DALI search revealed a number of NAD(P) binding
proteins that resemble the MjSDH C-terminal NADPthe 3-hydroxyl group and the 2-phosphomonoester of
binding domain (domain II) with sequence identitiesthe adenine of NADP. Arg153 (present in 87% of SDHs)
19%. The closest domain II structural homolog is ainteracts via cation- stacking with the adenine base
glutamyl t-RNA reductase fragment (Protein Data Bankand hydrogen bonding to the 2-phosphomonoester.
ID 1GPJ; Z score, 9.5; sequence identity, 19%). (Gluta-Together, Asn152 and Arg153 appear to discriminate
myl t-RNA reductases are NADPH-dependent enzymesbetween NAD and NADP cofactors, as seen in related
that catalyze the first step reaction in the tetrapyrroledehydrogenases (Carugo and Argos, 1997a). For MjSDH,
biosynthesis pathway [Moser et al., 2001].) Other closeadditional hydrogen bonds from Thr154 and Lys157 also
structural homologs for domain II include NADP bindingappear to contribute to NADP recognition. The amide
domains from various dehydrogenases, such as L-3-group of the nicotinamide ring makes hydrogen bonds
hydroxyacyl-CoA dehydrogenase (2HDH; Z score, 9.4;with backbone carbonyl oxygen atoms of Leu224 and
sequence identity, 12%), L-lactate dehydrogenase (1CEQ;Gly247, the latter being invariant among known SDHs.
Z score, 9.3; sequence identity, 12%), malate dehydro-
genase (2CMD; Z score, 9.2; sequence identity, 13%),
Similarity to Other Protein Structures and Possible and L-alanine dehydrogenase (1SAY; Z score, 9.2; se-
Evolutionary Links quence identity 17%). Thus, the results obtained for
Potential structural homologs of MjSDH with other pro- domain II are in agreement with our current understand-
tein structures present in the Protein Data Bank were ing of divergent evolution of Rossmann fold domains
identified with the program DALI (Holm and Sander, and their NADP binding properties (Carugo and Argos,
1998). Structural alignments obtained from DALI were 1997b).
further analyzed with SCOP (Structural Classification of The DALI search performed on domain I alone failed to
Proteins) database descriptions (Murzin et al., 1995) and detect any significant structural similarity to any Protein
Data Bank entry. The two closest structural matchesby visual inspection of the aligned structural segments.
Structure of Shikimate Dehydrogenase
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Figure 5. Representation of Interactions Involved in Recognition of
NADP by MjSDH
Hydrogen bonds between cofactor and protein atoms are shown
as broken lines, with lengths specified in angstroms. This figure was
created with LIGPLOT (Wallace et al., 1995).
(Figure 6). Strand 4 and helix C can be thought of as
an insertion into the domain structure of 1ATI, giving
rise to domain I of MjSDH. This insertion alters the overall
topology of the -- sandwich by changing the strand
order within the  sheet. The spatial order of  strandsFigure 4. Representation for Chemical Properties for the Solvent-
in domain I of MjSDH is 2-1-3-5-6-4, with 5 being anti-Accessible Surfaces of MjSDH, Calculated with a Water Probe Ra-
parallel to the others. Within the 1ATI anticodon bindingdius of 1.4 A˚
domain, the spatial order of strands is 2-1-3-4-5, withThe surfaces are color-coded for (A) sequence conservation with
the color ramp as in Figure 2, and (B) calculated electrostatic poten- 4 being antiparallel. Another structurally similar, but
tial (red and blue represent electrostatic potentials 	9 and 
9 topologically different, three-layered -- sandwich
kBT, respectively, where kB is the Boltzmann constant and T is the fold was detected in molybdenum cofactor biosynthesis
absolute temperature). NADP is shown as a stick figure.
protein MogA (1DI6; Z score, 4.8; sequence identity,(C) Atomic ball and stick figure representation of four invariant,
11%). In this case, the order of  strands is 2-1-3-6-5-4,putative active site residues and NADP of MjSDH. The polypeptide
with a reversal in the strand register between 5 andchain is shown as a color-coded ribbon drawing ( helices, red; 
strands, cyan; random coil, gray). The solvent-accessible surface 6 (Figure 6).
is semitransparent.
This figure was created with GRASP (Nicholls et al., 1993). Homology Modeling
One of the goals of NYSGXRC is to generate experimen-
tally determined structures with sufficient diversity to
(1GSO and 1IIB) gave Z scores of approximately 5. Nei- support homology modeling of large numbers of protein
ther of these proteins share the topology of domain I of sequences. Automated comparative protein structure
MjSDH. The closest topologically similar proteins belong modeling (referred to as “homology modeling”) with
to the class of “anticodon binding domain-like” folds MjSDH as a template with MODPIPE (Sanchez et al.,
that include DNA polymerase  (1G5H; Z score, 5.1; 2000) produced (as of December 2002) models for 151
sequence identity, 1%) and glycyl-tRNA synthetase nonredundant protein sequences (model length, 100
(1ATI; Z score, 5.1; sequence identity, 9%). After struc- residues; model score,0.7; Experimental Procedures).
tural superposition, we found that the anticodon domain Most of the calculated homology models represent
members of the SDH family (80), hypothetical proteinssegment resembles a portion of domain I of MjSDH
Structure
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Figure 6. Structure and Topology Compar-
isons
(A) N-terminal substrate binding domain of
MjSDH.
(B) C-terminal domain of glycyl-tRNA synthe-
tase (Protein Data Bank ID 1ATI).
(C) Molybdenum cofactor biosynthesis pro-
tein MogA (Protein Data Bank ID 1DI6).
The secondary-structural elements are color-
coded ( helices, blue;  strands, yellow; 310
helices, orange).
(30), malic enzyme/malate oxidoreductases (12), gluta- pothetical proteins. Atomic coordinate files for all the
homology models computed with the MjSDH templatemyl t-RNA reductases (10), other dehydrogenases, and
members of the oxidoreductase superfamily (19). can be downloaded from MODBASE (http://www.salilab.
org/modbase; select the nysgxrc_1NVT datasets on theIn 89 of 151 cases (59%), the MjSDH template corre-
sponds to 85% or more of the modeled polypeptide advanced search page).
chain length. These sequences primarily represent
known (44) or putative (11) members of the SDH family, Conclusions
Structure determination of MjSDH has yielded the fol-also referred to as the SQDH enzymes, reflecting their
propensity to utilization of quinine substrates. This exer- lowing important insights: (1) a new N-terminal  sheet
topology not previously represented in the Protein Datacise also detected 21 hypothetical proteins that give
comparable modeling statistics, suggesting that they Bank, (2) the location of the active site and identification
of residues almost certainly responsible for substrateare, in fact, previously unrecognized SDHs. In 28 of 151
cases (19%), only domain II of the MjSDH template binding and catalytic activity, (3) homology models for
80 known or putative SDHs for which structural informa-yielded homology models of acceptable quality (Experi-
mental Procedures). Many of these proteins are anno- tion was not previously available, (4) recognition of 21
hypothetical proteins as putative SDHs on the basis oftated as glutamyl-tRNA reductases, which implies that
the NADP binding domain of glutamyl-tRNA reductases homology modeling, and (5) the identification of the
SDHs as a unique class of dehydrogenases. Our workmost closely resembles the Rossmann fold domain of
SDH. In no case did homology modeling with domain I on MjSDH also brings the number of steps within the
shikimate biosynthesis pathway for which there is anof MjSDH detect a protein that is not recognizable as a
member of the SDH (or SQDH) superfamily. Thus, the enzyme structure (or structures) to six. Homology mod-
els computed with the MjSDH template for other knownnovel architecture of MjSDH domain I appears to be
restricted to this subgroup of Rossmann fold-containing and putative SDHs should be of interest to a broad
community of plant and microbial biologists.enzymes. The remaining 34 modeled protein sequences
appear to represent fragments of various SDHs and hy- Finally, the shikimate pathway is an attractive target
Structure of Shikimate Dehydrogenase
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Table 1. Crystallographic Data and Refinement Statistics
Space Group P212121
Cell constants a  74.65 A˚, b  75.62 A˚, c  118.79 A˚
Resolution range (A˚) 25.0–2.35
Number of observations 852,196
Number of unique reflections 53,845
Completeness (%) 99.9 (overall)
100 (2.43–2.35 shell)
I/(I) 29.0 (overall)
5.9 (2.43–2.35 shell)
Rmerge (I)a 0.060 (overall)
0.343 (2.43–2.35 shell)
Figure of meritb 0.22 (25.0–2.65 A˚ resolution) for 28,514 reflections
Refinement Statistics
Number of reflections 52,733 (50,117 in working set; 2,616 in test set)
Completeness (%) 97.5
Cutoff criteria |F|  0.0
Number of residues/atoms 574/4400
Number of water molecules 140
Rworkc 22.4
Rfree 26.0
Root-mean-square deviations
Bond lengths (A˚) 0.007
Bond angles () 1.3
Ramachandran plot statisticsd
Residues in most-favored regions 441 (86.5%)
Residues in additionally allowed regions 69 (13.5%)
Residues in generously allowed regions 0.0%
Residues in disallowed regions 0.0%
a Rmerge  hkli|I(hkl)i 	 I(hkl)|/hkliI(hkl)i.
b Computed with MLPHARE.
c Rwork  hkli|Fo(hkl)i 	 Fc(hkl)|/hklFo(hkl)|, where Fo and Fc are observed and calculated structure factors, respectively.
d Computed with PROCHECK.
31,691 30 Da; predicted mass, 31,710.3 Da). Protein for crystalliza-for the discovery of new antifungal, antiparasite, and
tion was dialyzed extensively against 20 mM HEPES (pH 7.1) andherbicidal agents. The commercially available herbicide,
100 mM KCl and concentrated to 10 mg/ml.glyphosate, is a proven inhibitor of EPSP synthase.
Recent discoveries of glyphosate action against patho-
Crystallization, Data Collection, Structure Determination,genic parasites, such as Plasmodium falciparum, Tox-
and Refinementoplasma gondii, and Cryptosporidium parvum, under-
Diffraction quality Se-Met crystals were obtained at 25C by hanging
score the conservation of shikimate pathway enzymes drop vapor diffusion against a reservoir containing 20 mM HEPES
(Roberts et al., 1998). Similarly, shikimate analog com- (pH 7.1), 20% PEG 3350, and 200 mM ammonium fluoride. Crystals
were frozen after cryoprotection with the addition of 15% glycerolpounds such as (6S)-6-fluoroshikimate have been
to the mother liquor. X-ray diffraction data for MjSDH were recordedshown to act as broad-spectrum antibacterial agents
under standard cryogenic conditions with Beamline X9A at the Na-(Davies et al., 1994). The availability of one more SDH
tional Synchrotron Light Source and processed with Denzo/Scale-structures should make this newly characterized, essen-
pack (Otwinowski and Minor, 1997). The structure of MjSDH was
tial enzyme an attractive target for discovery of new obtained via the single anomalous dispersion method (Dauter et
small molecules that specifically inhibit SDH and block al., 2002; Hendrickson, 1991) from diffraction data recorded the
selenium K absorption edge (0.97938 A˚). Positions of twelve of achorismate production.
possible eighteen selenium atoms (nine each for two molecules/
asymmetric unit) were determined with SHELXD (Schneider andExperimental Procedures
Sheldrick, 2002). The coordinates of selenium atoms were input
to MLPHARE (CCP4, 1994) giving a 2.65 A˚ resolution phase set.Cloning, Expression, and Purification
The full-length MjSDH ORF (aroE_METJA, or MJ1084) was amplified Thereafter, RESOLVE determined the 2-fold NCS operator relating
the A and B monomers but failed to build a useful chain of theby PCR with a forward primer containing a BamHI restriction
site (GTGACGGATCCATGATAAATGCTAAAACAAAGGTTATTGGG), model. The density-modified, NCS-averaged electron density was
input to MAID for automatic chain tracing (Levitt, 2001), which gener-a reverse primer containing an XhoI restriction site (GTCAGCTC
GAGTTATTTAGTTATCTTATCAATTATTGCGTTTTTC), and M. janna- ated a partial model (60% residues correctly placed; see Badger
[2003] for a comparison of automated tracing programs). Iterativeschii genomic DNA as template by standard protocols (Don et al.,
1991). The amplified insert was cloned into the corresponding sites cycles of manual tracing with O (Jones et al., 1991) in conjunction
with refinement with CNS (Bru¨nger et al., 1998) yielded completeof a modified pGEX-6P-1 plasmid. The resulting Se-Met-labeled
fusion protein was expressed in E. coli BL21 and purified by glutathi- polypeptide chain models for both proteomers in the asymmetric
unit. The final refined model contains 287 amino acid residues forone and Sepharose Q chromatography (Romanowski et al., 2002).
After proteolytic removal of the affinity tag with PreScission prote- each monomer (including a five-residue N-terminal cloning artifact
with the sequence GPLGS), two copies of NADP, two zinc ions, andase, the expected mass and purity of Se-Met-incorporated recombi-
nant protein was confirmed by MALDI-TOF (measured mass, 140 water molecules, giving an R factor of 22.6% and an Rfree of
Structure
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26.0%. PROCHECK (Laskowski et al., 1993) revealed no disallowed Evolution of the mono- and dinucleotide binding domains. Proteins
28, 29–40.(φ, ) combinations and excellent stereochemistry (overall G value
of 0.2; see Table 1 for a summary of X-ray data and refinement CCP4 (Collaborative Computational Project, Number 4). (1994). The
statistics). CCP4 Suite: Programs for Protein Crystallography. Acta Crystallogr.
D Biol. Crystallogr. 50, 760–763.
Multiple Sequence Alignments and Homology Modeling
Dauter, Z., Dauter, M., and Dodson, E. (2002). Jolly SAD. Acta Crys-
Protein sequences similar to MjSDH (E value,10	4) were identified
tallogr. D Biol. Crystallogr. 58, 494–506.
with -BLAST (Altschul et al., 1997). Multiple sequence alignments
Davies, G.M., Barrett-Bee, K.J., Jude, D.A., Lehan, M., Nichols,were prepared with ClustalW (Higgins et al., 1992), and conservation
W.W., Pinder, P.E., Thain, J.L., Watkins, W.J., and Wilson, R.G.of amino acid residues was calculated with Blosum62 (Henikoff and
(1994). (6S)-6-fluoroshikimic acid, an antibacterial agent acting onHenikoff, 1992). Homology modeling with MODPIPE (Sanchez et al.,
the aromatic biosynthetic pathway. Antimicrob. Agents Chemother.2000) was carried out with the MjSDH experimental structure as a
38, 403–406.template. Candidates for modeling were obtained by an iterative
-BLAST search (E value, 100 for at least 30 residues) with the Deka, R.K., Anton, I.A., Dunbar, B., and Coggins, J.R. (1994). The
sequence of the modeling template. Homology models were com- characterisation of the shikimate pathway enzyme dehydroquinase
puted with the -BLAST alignments by means of satisfaction of from Pisum sativum. FEBS Lett. 349, 397–402.
spatial restraints, as implemented in MODELLER (Sali and Blundell, Don, R.H., Cox, P.T., Wainwright, B.J., Baker, K., and Mattick, J.S.
1993), and assessed by computing a model score that uses a statisti- (1991). ‘Touchdown’ PCR to circumvent spurious priming during
cal energy function, sequence similarity with the modeling template, gene amplification. Nucleic Acids Res. 19, 4008.
and a measure of structural compactness (Sanchez and Sali, 1998).
Duncan, K., Edwards, R.M., and Coggins, J.R. (1987). The pentafunc-Tests with the known structures have shown that models with scores
tional arom enzyme of Saccharomyces cerevisiae is a mosaic offrom 0.7 to 1.0 have the correct fold at a 95% confidence level
monofunctional domains. Biochem. J. 246, 375–386.(Sanchez and Sali, 1998). All models discussed above have scores
Eklund, H., Nordstro¨m, B., Zeppezauer, E., So¨derlund, G., Ohlsson,of 0.7 and a polypeptide chain length of 100 residues.
I., Boiwe, T., So¨derberg, B.-O., Tapia, O., Bra¨nde´n, C.-I.,
and A˚keson, A˚. (1976). Three-dimensional structure of horse liverAcknowledgments
alcohol dehydrogenase at 2.4 A˚ resolution. J. Mol. Biol. 102, 27–59.
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